to the operating room for surgical intervention and repair. Traditionally, this involved an open exploration of the surgical site with direct repair of any identifiable CSF leak. Multiple techniques have been proposed and tested for CSF rhinorrhea correction, in particular, a less invasive approach to avoid the well-known risks associated with reoperation. Most notable among such techniques is endoscopic endonasal eustachian tube obliteration (EEETO), whose multiple forms are discussed in the literature. 9, 20 Taghi and colleagues pioneered the endoscopic double seal technique, which has been successful for refractory CSF leaks. 20 Lemonnier et al. reported the first case series on EEETO outcomes, and only 1 of 7 patients required a repeat procedure. 9 Endoscopic endonasal ET obliteration is a promising technique with theoretical benefits such as its minimally invasive nature, potentially increased cost-effectiveness with a shorter hospital stay, and greater patient satisfaction. Multiple iterations of this technique have been proposed and tested over the years; however, the procedure that is most suitable and provides the most reliable outcomes has not been identified. Here, in this technical synthesis, we identify those techniques that have been used as variations of EEETO and report on a case in which we successfully employed our own variation of the EEETO when a CSF leak persisted despite multiple other invasive interventions.
Methods
In this literature review, our goal was to identify all articles that described some form of what we referred to as a variation of EEETO, that is, a technique in which intervention on the ET was performed from an endonasal approach. Studies aimed at reducing or obliterating the ET lumen, such as in repairing CSF leaks or treating a patulous ET, were included. As our aim was to assess the utility of such techniques, the review was limited to studies in which the procedure was performed on patients or cadavers. Two of the authors (E.C.B. and B.L.W.) each searched PubMed for articles as well as the reference lists of each identified article; there was no restriction concerning the time period, and example search terms included "eustachian tube," "endonasal," and "CSF leak repair." The two authors independently approved the articles identified to enhance validity, with any disagreements settled by another author (J.N.C.). Information regarding the technique performed, the number of patients involved, and the results of the technique along with any overall benefits described therein was extracted and tabulated.
Results
A literature search yielded a total of 8 studies on endoscopic endonasal approaches to the ET (Table 1) . Three studies were performed to treat patients with patulous ET. 4, 13, 17 Four studies were performed for the treatment of patients with CSF rhinorrhea. 8, 9, 16, 20 One study was a cadaveric feasibility study aimed at developing a technique for the repair of CSF rhinorrhea. 10 Across the 7 studies with live patients, the success rate was high; the minimum success rate for treatment of a patulous ET was 85% and that for CSF rhinorrhea was 88%. The exact technique performed varied across the studies but consisted of some combination of closure of the nasopharyngeal ET orifice with cauterization, plugging, suture cerclage, and/or a tis- sue flap; the cadaveric study was unique in that it explored the feasibility of catheterizing the ET from an endonasal approach. The literature review, with reported outcomes listed in Table 1 , serves as a basis for future investigations into standardizing an EEETO technique.
Illustrative Case
History and Examination A 69-year-old woman with a body mass index of 26.3 kg/m 2 and a medical history significant only for hypertension presented with asymmetrical hearing loss and intermittent vertigo that had developed over the course of several months. At that time, she sought medical care, and an audiogram revealed nonserviceable hearing loss in the right ear. Brain MRI revealed a homogeneously enhancing lesion involving the internal auditory canal and cerebellopontine angle. A consult with radiation oncology to discuss stereotactic radiosurgery and appointments with neurotology were scheduled. The patient decided to pursue serial imaging with observation. When her hearing continued to worsen, she was referred to neurosurgery and resection was discussed. She preferred resection over stereotactic radiosurgery. Magnetic resonance imaging characteristics were consistent with a vestibular schwannoma ( Fig. 1) , and resection was scheduled.
A standard translabyrinthine approach was performed with complete resection of the tumor. Of note, the closure technique involved temporal muscle free graft occlusion of the ET, free abdominal fat graft placement, fibrin glue, and a pedicled suboccipital muscle and fascia closure, followed by prophylactic lumbar drainage for 3 days postoperatively, all to prevent CSF leakage. The procedure was 469 minutes in duration, from incision to completion of closure.
Postoperative imaging revealed gross-total resection of the lesion (Fig. 2) . The patient was discharged home after 3 days of prophylactic lumbar drainage and successfully passing a 24-hour clamp trial of the drain without CSF rhinorrhea or leakage from the surgical site. Within 2 weeks postoperatively, the patient presented with newonset CSF rhinorrhea ipsilateral to the translabyrinthine approach. It appeared to be treated successfully with CSF diversion via repeat placement of a lumbar drain and bed rest. After another 6 weeks, however, the patient required readmission for recurrent CSF rhinorrhea. Imaging at that time was concerning for an increased ventricle size, which was consistent with postoperative hydrocephalus. This responded to placement of a lumbar drain over 2 days, and we determined that long-term CSF diversion was required and would probably be beneficial. A ventriculoperitoneal shunt with a programmable Medtronic Strata valve at a setting of 1.5 was placed for treatment of the hydrocephalus, and this was expected to address her CSF rhinorrhea as well; a programmable valve was chosen to avoid future shunt-related procedures should the patient require adjustments to the valve. She was readmitted just a few weeks after shunt placement with recurrent rhinorrhea yet again and CT evidence of pneumocephalus (Fig. 3) . This provided further evidence that her rhinorrhea indeed had an intracranial origin and was most likely CSF. At this time, a repeat right-sided mastoidectomy, repacking of the ET tympanic orifice, and placement of both a pedicled temporoparietal fascial flap and abdominal fat graft harvest were performed.
Technique
At 31 days after the revision, the patient again experienced recurrent CSF rhinorrhea. A head CT scan showed a small amount of fluid in the right sphenoid sinus as well as a small fracture line of uncertain etiology within the posterior table wall over that sinus. A CT myelogram was concerning for a retrocochlear cell communication with the ET lumen. A nuclear medicine radiographic shunt patency study, also known as a "shuntogram," demonstrated a patent and functioning ventriculoperitoneal shunt. The shunt valve was dialed down to a setting of 0.5 to increase shunt flow; however, this did not resolve the patient's CSF rhinorrhea. The potential risks and benefits of an open middle fossa approach versus a variation of the EEETO were discussed among the patient, her family, and colleagues, and a decision to proceed with EEETO was reached.
A right vascularized nasoseptal flap was prepared, and repair of the suspected right sphenoid CSF leak was undertaken endoscopically with successful flap placement. The focus of further repair was then placed on obliterating the ET lumen. The nasopharyngeal ET orifice was accessed via a unilateral endoscopic approach through the right nares. The ET was dilated and cauterized using a Bovie suction cautery. The ET was packed with AlloDerm (LifeCell Corp.), and a cerclage stitch was placed at the nasopharyngeal orifice of the ET.
At 6 weeks postoperatively, however, the patient presented again with recurrent CSF rhinorrhea. The team and patient agreed to revision of the EEETO. During this reoperation, intrathecal fluorescein was used and demonstrated a leak through the ET. The AlloDerm graft was removed from the nasopharyngeal orifice via an endonasal approach. The posterior aspect of the inferior turbinate was trimmed with a sinus shaver. The ET was internally coagulated with a suction Bovie at the nasopharyngeal orifice via an endonasal approach. Fascia lata harvested from the thigh was used to pack the ET, followed by Surgicel (Ethicon) and Avitene (CR Bard), again at the nasopharyngeal orifice. Two ET cerclage sutures securing a piece of muscle fascia were placed with the aid of laparoscopic knot pushers. Surgical glue was placed over the cerclage stitches. A supplemental video (Video 1) is provided to show this repeat EEETO procedure. 
Outcome
The patient recovered well after this second, more extensive EEETO and was discharged a few days following the operation. Serial follow-up appointments were scheduled with otolaryngology and neurosurgery with intermittent imaging (MRI and CT) to evaluate the tumor resection as well as to monitor for any evidence of pneumocephalus (Figs. 4 and 5) . At 10 months postoperatively, the patient was symptom free with no recurrent CSF leak.
Discussion
Most EEETO approaches have been used for recalcitrant CSF leaks. 20 Because a slight majority of CSF leaks can be successfully managed conservatively, delayed EEETO implementation is rational. 9 The benefits of EEETO include a quick rate of surgical recovery, no need to reenter the original surgical site, and a reported success rate greater than 88% in treating a CSF leak. 7 Furthermore, such approaches do not require cranioplasty or the placement of titanium mesh, which limits potential routes of infection. 11 If obliteration of the ET is performed 
FIG. 5. Six months post-EEETO, contrast-enhanced T1-weighted (A)
and T2-weighted (B) MRI was performed. There was no evidence of a recurrent contrast-enhancing lesion. Neither was there pooling of fluid in the sinuses, nor any evidence of pneumocephalus.
FIG. 3.
Imaging was performed a few weeks after shunt placement when the patient had recurrent rhinorrhea, with CT windowed for soft tissue (A) and for bone (B). In the soft-tissue window, air in the intracranial space, also known as "pneumocephalus," is clearly visualized. The bone window, at a level more inferior to that of the soft-tissue window, shows a small amount of air within the surgical bed as well as a small amount of fluid within the right maxillary sinus, indicating that fluid had tracked into the nasal sinuses from a site near to or within the surgical bed.
at the time of initial surgery, there is concern for potential tympanic membrane retraction with decreased compliance. 18 Also, the patient can develop recurrent serous otitis media, which often requires placement of tympanostomy tubes. 15 These potential complications have not been observed with EEETO approaches, although more extended monitoring of outcomes is needed. Some investigators are optimistic, for example, Orlandi and Shelton, who claim that their iteration of EEETO is potentially reversible and that the conductive hearing loss associated with the serous otitis media that can result from obstruction of the nasopharyngeal orifice is resolved with a hearing aid. 16 The precise risks of EEETO in patients with serviceable hearing require further investigation. The patient described herein had nonserviceable hearing loss at presentation and had no rhinorrhea 10 months after EEETO. Preliminary evidence also suggests that EEETO approaches are more cost-effective than traditional approaches. Traditional approaches involve reentering the surgical site, unroofing the internal auditory canal, and packing the site and surrounding mastoid air cells with bone wax, fat grafts, or muscle patches. These traditional techniques have a failure rate of 38%, 12 whereas previously discussed EEETO approaches have a failure rate < 20%. The improved treatment success, as well as the speed and minimally invasive nature of the procedure, adds to the cost savings of EEETO. Further research is needed to determine which of the described EEETO techniques is most successful in preventing recurrent CSF leak and should be standardized going forward.
The patient presented herein had persistent CSF leak following gross-total resection of a vestibular schwannoma-despite the ET packing, abdominal fat graft, and CSF diversion during the initial surgery to prophylactically prevent CSF rhinorrhea. Subsequent CSF diversion was performed first with a lumbar drain and later with a programmable ventriculoperitoneal shunt as well as wound reexploration and repacking of the ET and middle ear. An abdominal fat harvest and a pedicled temporal fascial graft were used for the patient's revision, yet she was still one of the 38% of patients who have treatment failure. Given the serious concern for potential meningitis with long-term CSF leakage, further repair techniques were considered. In this case, CSF was draining into the ET more anteromedial than we could access through the translabyrinthine approach. Because of the potential risks and benefits of the situation, the most reasonable next step, based on a review of the relevant literature, was to proceed with EEETO versus a middle fossa craniotomy. By using EEETO with fascia lata and muscle cerclage, we were able to achieve complete obliteration of the ET without having to reenter the original operative site or create a new operative site. This decreased the risk for infection and was successful in managing the leak, whereas other more traditional approaches had failed.
The excellent result achieved with EEETO in this case, however, required two EEETO attempts that followed a long and frustrating course of refractory CSF rhinorrhea with multiple procedures that included two attempts at packing the ET posteriorly. Our second attempt at the EEETO included more aggressive internal cautery of the ET, more extensive packing, and the use of two rather than one cerclage stitch. Of course, we suspect that had we performed the EEETO in this manner on the first attempt, the excellent result may have been achieved sooner. If a method were developed to catheterize the entire luminal length of the ET, any point along the ET could potentially be accessed for obliteration. One key unanswered question going forward is how to develop a standardized endoscopic technique for ET obliteration that can be readily implemented at multiple centers. Intrinsic to this question is the appreciation of natural variation in ET anatomy. Olander and colleagues mapped the length between the ET lumen and the internal carotid artery at various points for endoscopic techniques to address ET dilatory dysfunction.
14 From their work using MRI, they determined the average distance from the internal carotid artery to the cartilaginous and bony ET junctional point was 4.3 mm (range 1.6-10.4 mm), to the mid cartilaginous ET was 25 mm (range 9.0-61.6 mm), and to the nasopharyngeal orifice was 62 mm (range 34.3-84.4 mm). This anatomical mapping was necessary to avoid injury to the internal carotid artery during the operations, especially near the junctional point. Similarly, it will be important to map surgical ET anatomical landmarks in relation to its major curvature to predict safe catheter advancement. Cadaveric studies should be undertaken to determine anatomical variance and provide guidance for operative planning. Three important parameters will need to be determined: isthmus diameter, ET length, and curvature of the ET. The work of Manes et al. has begun to answer some of these questions. 10 By determining these anatomical matters, the surgeon will be able to safely deliver the device into the lumen for obliteration without damaging vulnerable nearby structures. Such studies will also pave the way for preoperative planning using advanced imaging.
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Conclusions
In summary, EEETO as outlined in this case report and literature review reveals a viable, cost-effective, and highly effective option for managing recalcitrant CSF leakage from a lateral skull base source. The EEETO was successful in our case after more traditional approaches had failed. We believe that new techniques can be developed to allow standardization of the procedure and expand utility. Going forward, cadaveric studies will be necessary to help guide definitive surgical planning for this new approach. Furthermore, long-term outcomes must be tracked with greater patient numbers to determine the true efficacy of the technique as compared with more traditional treatments. Finally, cost-analysis studies should be undertaken to determine how much money per hospital visit an institution could save by implementing EEETO. We believe that the data obtained until now indicate that EEETO is promising as a second-line approach for the repair of CSF rhinorrhea from a lateral skull base defect, prior to open surgical intervention.
